Vortex is a topological defect with a quantized winding number
est achievements for observing the intriguing quantum phenomena on the macroscopic scale. For example, this system is very suitable for observing the quantized vortex 1 , and the crystallized quantized vortex lattice 2, 3 . Furthermore, it is found that vortex lattices in rotating single atomic BEC with dipole interaction can display the triangular, square, "stripe", and "bubble" phases 4 .
In two-component atomic BEC, the vortex states of square, triangular, double-core and serpentine lattices are showed according to the intercomponent coupling constant and the geometry of trap 5 . Considered two components with unequal atomic masses and attractive intercomponent interaction, the exotic lattices such as two superposed triangular, square lattices and two crossing square lattices tilted by π/4 are indicated 6 . Generally speaking, the crystallization of vortices into regular structures is common in the single BEC and the miscible multicomponent BECs under a normal harmonic trap. Vortices in atomic BECs have attracted much attentions [7] [8] [9] [10] [11] [12] . However, it is not very clear the crystallization of vortices in the atomic-molecular BECs [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
The molecular BEC can be created by the magnetoassociation (Feshbach resonance) of cold atoms to molecules 16 , and by the Raman photoassociation of atoms in a condensate 23, 24 . The atomic-molecular BEC provides a new platform for exploring novel vortex phenomena. It is shown recently that the coherent coupling can render a pairing of atomic and molecular vortices into a composite structure that resembles a carbon dioxide molecule 13 . Woo et al. have explored the structural phase transition of atomic-molecular vortex lattices by increasing the rotating frequency.
They observed the Archimedean lattice of vortex with the repulsive atom-molecule interaction. In fact, the atom-molecule interaction can be either attractive or repulsive with large amplitude by using the Feshbach resonance 16, 29 . In addition, we know that the population of atom and molecule in atomic-molecular BECs can be tuned by the Raman photoassociation 21, [25] [26] [27] [28] [29] . Then, we may wonder whether the combination control of the Raman detuning and atom-molecule interaction may induce nontrivial vortex states and novel vortex phenomena. This seems not be well explored, especially in the grand canonical ensemble [30] [31] [32] . Furthermore, similarly to the normal system of two-component BECs 5 , a phase diagram of vortices in the rotating atomic-molecular BECs is required to provide a full realization of the nontrivial vortex phenomenon.
In this report, we study the crystallized and amorphous vortices in rotating atomic-molecular BECs [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The amorphous vortices are the result of the considerable deviation induced by the interaction of atomic-molecular vortices. The phase diagram indicates that the atom-molecule interaction can control the atomic-molecular vortices to suffer a dramatic dissociation transition from an overlapped atomic-molecular vortices with interlaced molecular vortices to the carbon-dioxidetype atomic-molecular vortices, then to the atomic vortices with the interstitial molecular vortices, and finally to the completely separated atomic-molecular vortices. This result is in accordance with the predicted dissociation of the composite vortices lattice in the flux-flow of two-band superconductors 33 . The Raman detuning adjusts the population of atomic-molecular BECs and the corresponding vortices. This leads to the imbalance transition among the vortex states. This study shows a full picture about the vortex state in the rotating atomic-molecular BECs.
Results
The coupled Gross-Pitaevskii equations for characterizing atomic-molecular Bose-Einstein condensates. We ignore the molecular spontaneous emission and the light shift effect 24, [27] [28] [29] .
According to the mean-field theory, the coupled equations of the atomic-molecular BEC 13, 29, 34 can be written as
where Ψ j (j = a, m) denotes the macroscopic wave function of the atomic condensate and the molecular condensate respectively, the coupling constants are, g a =
, and
, also M a (M m ) is the mass of atom (molecule), ω is the trapped frequency,
is the z component of the orbital angular momentum. The parameter χ describes the conversions of atoms into molecules due to stimulated Raman transitions. ε is a parameter to characterize Raman detuning for a two photon resonance 23, 24, [27] [28] [29] .
In real experiment, it is observed that the coherent free-bound stimulated Raman transition can cause atomic BEC of 87 Rb to generate a molecular BEC of 87 Rb 23 . In numerical simulations, we use the parameters of the atomic-molecular BECs of 87 Rb system with M m = 2M a = 2m
(m = 144.42 × 10 −27 Kg), g m = 2g a (a a = 101.8a B , where a B is the Bohr radius), χ = 2 × 10 −3 , and the trapped frequency ω = 100 × 2π. The unit of length, time, and energy correspond to /(mω) (≈ 1.07µm), ω −1 (≈ 1.6 × 10 −3 s), and ω, respectively.
Crystallized and amorphous vortices in rotating atomic-molecular Bose-Einstein condensates. With the rotation frequency Ω = 0.8ω, we study the influence of the atom-molecule interaction on the formation of the vortices. . Meanwhile, the total density (the third column) indicates that the molecular vortices and the atomic vortices form some structure like the carbon dioxide, which is also observed by a different method 13 . Figure When the repulsive interaction is up to g am = 2g a , a single molecular BEC or single atomic BEC can be obtained by adjusting the Raman detuning from −4 ω to 14 ω. The particle numbers can characterize the possible regions for the existence of atomic-molecular vortices.
In this system, we fix the final chemical potential in the grand canonical ensemble. Thus, the results differ from those in the canonical ensemble with the conserved particle number 29, 34 .
The increasing of Raman detuning causes the increasing of the system's energy. For minimizing energy, the number of the molecule decreases. For g am = −0.87g a , the attractive interaction results in a similar behavior in both atomic and molecular BECs. Thus, the number of the atom follows the change of the molecules number. Without interaction (g am = 0), the atomic BEC seems like an independent system. Thus, the atom number almost is unaffected. While for repulsive interaction (g am > 0), the competition between atom and molecule causes the change of particle number obeys an opposite rule. Note that if a pure atomic BEC occurs, the particle number (≈ 2.2 × 10 4 )
is independent of both atom-molecule interaction and Raman detuning. from overlapped to carbon-dioxide-type and finally into the independent separated ones.
Disscussion
In this report, we focus on the strength of atom-molecule interaction and the Raman detuning term.
The form of Hamiltonian in this paper is like that in the Ref. 13 . In fact, a real experiment would include lots of other factors such as the light shift effect 24, 27-29 , decay due to spontaneous emission 27 . In Ref. 29 , Gupta and Dastidar have considered a more complicated model when they study the dynamics of the atomic and molecular BECs of 87 Rb in a spherically symmetric trap coupled by stimulated Raman photoassociation process. In fact, the light shift effect almost has the same function as the Raman detuning term. Thus, it can be contributed to the Raman detuning term.
This is the reason why we do not consider the light shift term in Hamiltonian like that in Ref. 29 , but follows the form in Ref. 13 .
In real experiment, it is believed that a single molecular BEC would occur when the Raman detuning goes to zero 24, 27 . However, the measure of the remaining fraction of atom does not reach the minimum when Raman detuning is zero 24 . With an adiabatic consideration, the dynamical study also agrees with this point 29 . In fact, they show the evolutionary process of creating a molecular BEC from a single atomic BEC. Thus, the particle number of the molecular BEC varies with time but not fixed. The resonance coupling would cause the atomic BEC to convert into a molecular one as much as possible, but the molecular BEC also will convert into the atomic one.
Therefore, the results in Ref. 24, 29 only shows a temporary conversion of atoms into molecules.
In fact, when we use a single atomic BEC as the initial condition and set Why do the atomic-molecular vortices display so rich lattice configurations? In fact, the atomic vortices and the molecular vortices tend to be attractive in region (1) and (2). Otherwise, the overlapped atomic-molecular vortices and the carbon-dioxide-type ones can not occur. The attractive force makes the atomic vortices and the molecular vortices behave similarly. Thus, both atomic and molecular vortex lattices in region (1) are square. In region (2), the atomic vortices display the triangular lattice. The molecular vortices seem to follow the triangular lattice but the interaction among vortices causes the considerable deviation, i.e., the amorphous state occurs.
In region (3), the atomic vortices and the molecular vortices can not form the carbon dioxide structure. Because the size of molecular vortices is smaller than that of the atomic vortices, it tends to locate at the interval of the lattice of the atomic vortices. Meanwhile, the competition between the atomic vortices and molecular vortices causes the amorphous state [see Figs. 3(d1) and (d2)], especially when the number of atom and molecule has a considerable proportion. When the number of atoms is much more than that of molecules, the atomic vortices dominate over the molecular vortices. Therefore, the atomic vortices show the triangular lattice, and the molecular vortices form the honeycomb lattice in Fig. 2 (e). Undoubtedly, it is possible that the distribution of atomic (molecular) vortices is relatively regular and that of the molecular (atomic) vortices is irregular at some imbalance ratio of the two BECs.
The structural phase transitions of vortex lattices are explored through tuning the atommolecule coupling coefficient and the rotational frequency of the system 13 . Here, we show the crystallized and amorphous vortices by a combined control of the Raman detuning and the atommolecule interaction. We have also considered the effect of the rotation frequency. With an attractive interaction of atom-molecule (g am = −0.87g a ), Figure 6 shows various rotation frequencies to produce the vortices. Figure 6 (a) indicates that no vortex would occur with Ω = 0. For Ω = 0.2ω, only a molecular vortex is induced. In the atomic BEC, the phase indicates no vortex is created al-though there is a local minimum of density near the center. For Ω = 0.4ω, the phase indicates that there is an atomic vortex. In fact, we find the atomic vortex is overlapped with a molecular vortex.
Undoubtedly, more and more vortices emerge when the rotation frequency increases. When the rotation frequency is up to Ω = 0.8ω, we can obtain a regular square vortices lattice. Meanwhile, each atomic vortex is overlapped with a corresponding molecular vortex. Obviously, the vortices and the vortices lattice may not be induced with a slow rotation. This is the reason why we favor to investigate the vortices with a fast rotation in Figs. 1-4 .
We now show that ultracold Bose gases of 87 Rb atoms are a candidate for observing the predicted atomic-molecular vortices. By initially using a large atomic BEC of 87 Rb (the atom number is up to 3.6×10 5 in Wynar's experiment 23 ), the Raman photoassociation of atoms 23, 24 can produce the corresponding molecular BEC with partial of the atoms. By loading a pancakelike optical trap
, with trapping frequencies ω z ≫ ω, the 2D atomic-molecular BECs may be prepared. It is convenient to use the laser to rotate the atomic-molecular BECs and induce the atomic-molecular vortices. Meanwhile, the whole system should be further quenched to a lower temperature to approach the ground state by the evaporative cooling techniques. The resulting atomic-molecular vortices may be visualized by using the scanning probe imaging techniques.
All the techniques are therefore within the reach of current experiments.
In summary, we have observed various new atomic-molecular vortices and the lattices con- 
Methods
We use the damped projected Gross-Pitaevskii equation (PGPE) 35 to obtain the ground state of atomic-molecular BEC. By neglecting the noise term according to the corresponding stochastic PGPE 36 , the damped PGPE is described as
where,
, T is the final temperature, k B is the Boltzmann constant, µ j is the chemical potential, and γ j is the growth rate for the jth component. The projection operator P is used to restrict the dynamics of the atomic-molecular BEC in the coherent region. Meanwhile, we set the Author Contributions All authors planned and designed theoretical numerical studies. All contributed in completing the paper.
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